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Segmented silicon detectors

§ Highly segmented silicon detectors have been used in particle and 
nuclear physics experiments for over 40 years
– Technology of choice for tracking and vertex detectors
– They detect the passage of ionizing radiation with good spatial 

resolution and efficiency

§ The success of silicon detectors is due both to semiconductor 
properties and evolution of silicon fabrication technology

§ They consist of a sensing element (i.e. sensor) with its associated 
readout electronics
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Sensor working principle

§ Silicon sensors work as a reverse 
biased pn-junction (i.e. diode)
– High resistivity silicon bulk 
– Highly doped contacts

§ The segmentation (pitch, d) defines 
the spatial resolution (𝜎)

§ High (reverse) bias voltage (Vbias)
– Depletion
– Electric field
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§ Traversing charged particles create e-/h+ pairs
§ Movement of charges (i.e. drift in electric field) towards the 

electrodes generates a signal



Basics of readout electronics

§ Mixed-mode Application Specific Integrated                                 
Circuits (ASIC) in deep submicron                                                         
CMOS technologies

§ Signal processing functions per readout channel
– 1 readout channel per pixel 
– Amplification and pulse shaping
– Analogue to digital conversion (for example comparator with threshold)
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2 DETECTOR SYSTEMS OVERVIEW
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Fig. 1.2. Basic detector functions: Radiation is absorbed in the sensor and converted
into an electrical signal. This low-level signal is integrated in a preamplifier, fed to

a pulse shaper, and then digitized for subsequent storage and analysis.

supply reside in a NIM bin and the data acquisition system is a plug-in card in a
PC, which also provides data storage and data display. In single-channel systems
digitization and data storage are often combined in a single unit, a multichannel
analyzer, whereas more complicated systems utilize a bank of external digitiz-
ers read out through a data bus (CAMAC, VME, VXI, PCI, etc.) and fed to a
computer. Such systems are still in widespread use for high-resolution x-ray and
gamma spectroscopy.

In contrast, the right panel of Figure 1.1 shows a 512-channel detector module
from a high-energy physics experiment, CDF at FermiLab. The primary func-
tion of this detector is position sensing. Multiple layers of these detectors provide
space points to reconstruct particle trajectories. The silicon sensor, the pream-
plifier, pulse shaper, digital readout control, and signal bussing are combined in
one integrated unit, a detector module. The 512 channels of analog and digital
electronics are accommodated in four integrated circuits (ICs), each about 6mm
in size (Kleinfelder et al. 1988).

Here the term detector becomes ambiguous, especially in experiments where
the “detector” consists of several detector subsystems – tracking, calorimetry,
muon detection – which in turn consist of many individual detector modules.
Whenever ambiguities might arise we’ll refer to the device that translates the
presence of a particle to an electrical signal as a sensor.

The sequence of detector functions is illustrated in Figure 1.2 and described
below.

1.1 Sensor

The sensor converts the energy deposited by a particle (or photon) to an elec-
trical signal. This can be achieved in a variety of ways, but in this context en-
ergy is absorbed in a semiconductor, for example silicon, which produces mobile
charge carriers – electron–hole pairs. An electric field applied to the sensor sweeps
the charge carriers to electrodes, inducing an electrical current. The number of
electron–hole pairs is proportional to the absorbed energy, so by integrating the
signal current one obtains the signal charge, which is proportional to energy. As
will be shown below, the sensor pulses can be quite short (of order nanoseconds

H. Spieler, Semiconductor Detector Systems, Oxford University Press

ATLAS FE-I4 readout ASIC



Tracking and momentum resolution
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For the photon conversion process, the radiation length is thus 7
9 of the mean free path for

pair production. This means that photons with energies above 1 GeV can convert into electron
hole pair when interacting with the tracker material. Detection of such energetic photons is
of fundamental importance to reconstruct events with high-mass di-photon final states, such
as for instance the Higgs boson. Massive trackers thus degrade the measurement of photon
properties in subsequent detectors, i.e. the electromagnetic calorimeter, as the photons convert
before getting there. Reconstruction of photons measurement via the tracks of the electron-hole
pairs is complicated as the momentum of the photon is not shared equally between the electron
and the position, meaning that one is produced at low energy. If this energy falls below the
threshold required to produce a reconstructable track, the converted photon has only one track
and it is di�cult to distinguish from a single electron or positron [15].

2.3.4 Transverse momentum resolution

The resolution on momentum measurement is discussed here considering a position sensitive
detector made of N + 1 layers, corresponding to as many measuring points, equally spaced
at radii r0, r2, ..., rN from the interaction point [16]. The detector length is L = rN � r0. It is
immersed in a magnetic field B and its elementary elements have an intrinsic spatial resolution
�.

The transverse momentum resolution is given by the quadratic sum of two terms as shown
in Figure 2.8
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The first term is the resolution to which a track can be measured neglecting multiple scat-
tering, here called point resolution. As shown in [17], in this case the error on the transverse
momentum pT is given by
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According to (2.13), higher resolution is achieved for low-pT particles. The strong depend-
ence on the spectrometer length favors large detectors to achieve good momentum resolution.
Large magnetic fields are also needed to increase the resolution. The dependence on the num-
ber of detector layers is on the other hand weak. However a high number of measurement
points is important for the robustness of the pattern recognition.

The second term in (2.12) expresses the contribution due to multiple scattering in the detector
material, and it is given by
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where CN is a coe�cient dependent on the number of layers in the detector, equal to 1.3
within a 10 % accuracy [17].
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2.3 Tracking and vertexing in HEP experiments

From (2.14), it can be inferred that when multiple scattering dominates the relative mo-
mentum resolution does not depend on the momentum and has a weak dependence on the
spectrometer length. To achieve a good transverse momentum resolution, the contribution of
the multiple scattering term should be lower than the point resolution, which calls for low
detector thickness.
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Figure 2.8: The total transverse momentum resolution is given by the quadratic sum of terms. The point
resolution increases linearly with the momentum, while multiple scattering within the material of the
detector introduces a term which does not depend on the momentum of the particle.

2.3.5 Vertex resolution

As discussed in [18], the vertex resolution can be derived considering a one-dimensional de-
tector arrangement as shown in Figure 2.9. Two detector planes, with resolution �1 and �2, are
placed at a distance r1 and r2 respectively from the interaction point, with r1 < r2. The beam
pipe radius is r0. Assuming first �2 = 0 and �1 , 0 (i.e. the position of the track as seen in the
second layer is fixed), the resolution �vtx in the position of the reconstructed vertex is given by

�vtx1 =
r2

r2 � r1
�1 (2.15)

for perpendicular incidence. Similarly considering �1 = 0 and �2 , 0

�vtx2 =
r1

r2 � r1
�2. (2.16)

Taking into account the multiple scattering with the beam pipe material, the spatial resolution
of the two layers can be expressed as

�1 = � � (r1 � r0)✓0 (2.17)
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Detector requirements
§ Fine segmentation
§ Large detector
§ Low material



Vertex resolution

§ Vertex resolution

§ Impact parameter resolution
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Detector requirements
§ Fine segmentation
§ Low material (beam pipe and detector layers)
§ First layer as close as possible to the beam pipe
§ Large lever arm
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�2 = � � (r2 � r0)✓0 (2.18)

where � indicates the sum in quadrature. The same intrinsic spatial resolution � is assumed
for both layers, and multiple scattering in the first detector layer, degrading the resolution of
the second, is neglected.

The total vertex resolution is the quadratic sum of�vtx1 and�vtx1, and the correlation between
the multiple scattering terms, which gives
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s 
r1

r2 � r1
+ 1

!2

�2 + (2r1 � r0)2 (13.6 MeV)2 x
X0

1
p2 . (2.19)

Again, the last term (see (2.8), with � = 1) describes the contribution from multiple scatter-
ing, which dominates for low momentum particles and for high detector thickness. For high
momentum this term is less significant, and the terms arising from the position resolution �1

and �2 dominate the achievable vertex resolution. A small �vtx can be reached with

• fine detector segmentation, i.e. small �;

• low material for the beam pipe and detector layers (low x/X0);

• large lever arm (large r2 � r1);

• an innermost layer as close as possible to the beam pipe (small r1, small (2r1 � r0), and
large lever arm).
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Figure 2.9: Sketch of a one-dimensional vertex detector arrangement, made of two planes with resolu-
tions �1 and �2, placed at a distance r1 and r2, respectively, from the interaction point. The beam pipe
radius is r0.

Alternative to the vertex position, the impact parameter b can be considered for the recon-
struction of the vertex. The impact parameter is the distance of closest approach of a track
to the primary vertex of the interaction in the plane perpendicular to the beam as shown in
Figure 2.10. The error on b determines whether a track can be distinguished from the primary
vertex. Assuming r1 = r0, where r0 is the beam pipe radius, and a detector resolution higher
than the error due to multiple scattering, then the error on the impact parameter is
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2.3 Tracking and vertexing in HEP experiments

�b = ✓0r0 (2.20)

where ✓0 is defined as in (2.8), demanding again a small radius for the innermost detector
layer, and low material for the beam pipe and the detector layers.

secondary vertex

primary vertex
B-hadron

light quarks

b

jet

Figure 2.10: Schematic picture of the determination of the impact parameter b of a track generating
from a secondary vertex.

2.3.6 Challenges of tracking in the LHC environment

As previously discussed, vertex and momentum measurements in HEP experiments, require
large detectors, with fine segmentation, a high number of layers, of which the first as close
as possible to the interaction point, immersed in high magnetic fields, with as low a thick-
ness as possible. The harsh environment in which the tracker operates pushes most of these
requirements to the technological limit and adds further challenges to the detector design.

Due to pile-up, every 25 ns at the LHC, approximately 1000 particles come out of on average
23 simultaneous vertices, spaced of approximately 1 cm, as the luminous area of the LHC
has a Gaussian sigma along the beam direction of ⇡8 cm. Two di↵erent types of pile-up can
be distinguished: in-time and out-of-time pile-up. In-time pile-up is due to additional pp
interactions in the same BX of the event of interest. Out-of-time pile-up is instead due to
detector signals from collisions which happened one BX before the event of interest, but are
reconstructed one BX later due to the long integration time of some detectors. Figure 2.11a
shows the luminosity-weighted distribution of the mean number of interactions per crossing,
µ, for the LHC 2012 run. It corresponds to the mean of the poisson distribution on the number
of interactions per crossing, for each bunch. It is calculated from the instantaneous per bunch
luminosity as

µ =
L

nbunch
· �inel

f
(2.21)

where L is the instantaneous luminosity, nbunch is the number of colliding bunches, �inel is
the inelastic cross-section (73.0 mb for 8 TeV collisions), f is the LHC revolution frequency.
The mean value µ is 20.7, but as shown in Figure 2.11b, the maximum number of events per
beam crossing can reach higher values between 30 and 40. This means that most of the events
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while the dependence on Z describes the scattering with the shell electrons. In mixtures and
compounds the radiation length may be approximated by

1
X0
=
X w j

X0 j
(2.6)

where w j and X0 j are the fraction by weight and the radiation length of the jth element.
The radiation length is a quantity used to characterize electromagnetic processes that take

place in the Coulomb field of the nucleus. They are, in addition to bremsstrahlung, also mul-
tiple scattering, and photon conversion. It is also commonly used to quantify the detector mass,
also referred in the following as material budget. The detector material is then expressed as a
thickness is units of X0.
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Figure 2.6: Feynman diagrams for (a) bremsstrahlung and (b) photon conversion.

2.3.2 Mutiple scattering

When a charged particle traverses a medium, it is scattered many times at small angles due
to interactions with the Coulomb field of the nuclei, an e↵ect called multiple scattering. The
particle exits the material at an angle with respect to the incident direction. The distribution
of the scattering angle can be described using the Molière theory: it is roughly Gaussian at
small angles, but at larger angles it behaves like Rutherford scattering, with larger tails than
a Gaussian distribution. Using the Gaussian approximation, the projected distribution of the
scattering angle on any plane containing the initial direction f (✓plane) is given as

f (✓plane)d✓plane =
1p
2⇡✓0

exp
0
BBBBB@
✓2plane

2✓20

1
CCCCCA d✓plane. (2.7)

As shown in Figure 2.7, f (✓plane) is centered around zero. The standard deviation ✓0 is the
width of the distribution and is given by the so-called "Highland formula" [13, 14]

✓0 =
13.6MeV
�cp

z
p

x/X0 [1 + 0.038 ln(x/X0)] ⇡ 13.6MeV
�p

p
x/X0 (2.8)
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�2 = � � (r2 � r0)✓0 (2.18)

where � indicates the sum in quadrature. The same intrinsic spatial resolution � is assumed
for both layers, and multiple scattering in the first detector layer, degrading the resolution of
the second, is neglected.
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Again, the last term (see (2.8), with � = 1) describes the contribution from multiple scatter-
ing, which dominates for low momentum particles and for high detector thickness. For high
momentum this term is less significant, and the terms arising from the position resolution �1

and �2 dominate the achievable vertex resolution. A small �vtx can be reached with

• fine detector segmentation, i.e. small �;

• low material for the beam pipe and detector layers (low x/X0);

• large lever arm (large r2 � r1);

• an innermost layer as close as possible to the beam pipe (small r1, small (2r1 � r0), and
large lever arm).
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Figure 2.9: Sketch of a one-dimensional vertex detector arrangement, made of two planes with resolu-
tions �1 and �2, placed at a distance r1 and r2, respectively, from the interaction point. The beam pipe
radius is r0.

Alternative to the vertex position, the impact parameter b can be considered for the recon-
struction of the vertex. The impact parameter is the distance of closest approach of a track
to the primary vertex of the interaction in the plane perpendicular to the beam as shown in
Figure 2.10. The error on b determines whether a track can be distinguished from the primary
vertex. Assuming r1 = r0, where r0 is the beam pipe radius, and a detector resolution higher
than the error due to multiple scattering, then the error on the impact parameter is
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Challenges: high rate or high precision

§ Physics and experimental conditions drive the detector requirements
– Granularity, radii and number of layers, readout electronics, material 

budget, …

§ High rate experiments
– Proton-proton colliders 
– Radiation hardness of sensor and ASIC
– Fast collection of large charge in the sensor
– High memory density and data throughput in ASIC

à Hybrid pixel detectors

§ High precision experiments
– e+/e- colliders and heavy Ions (HI) experiments
– High spatial resolution
– Thin detectors

à Monolithic Active Pixel Sensors
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State-of-the art pixel detectors: 
Hybrid pixel detectors
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Hybrid pixel detectors in HEP

§ ATLAS, CMS and ALICE use hybrid 
pixel detectors close to the interaction 
point
– Complemented by strip detectors at 

large radii
§ Largest pixel systems ever built in 

HEP (~m2)
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Hybrid pixel detector concept

§ Sensor and readout electronics are separate 
entities
– Separate optimization for high rate

§ Charge collection by drift in depleted bulk 
– Large signal, rad-hard, fast charge collection

§ Complex readout in ASICs
– Zero-suppression and in-pixel hit buffering
– Time resolution O(ns)

§ Moderate spatial resolution O(10-100 µm)
§ High material budget, few %X0

– Power hungry devices 
§ High cost

– Sensor and hybridization
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Technology enablers for hybrid pixels

§ The development of IC technologies for the consumer 
electronics market in the 90s enabled the development of pixel 
detectors for the LHC
– Planar process and photolithography 
– VLSI (Very Large Scale Integration) in deep submicron CMOS 

technologies
– Fine pitch bump bonding and flip chip
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The ATLAS Insertable B-Layer detector

§ 4th ATLAS pixel detector layer inserted at 33.5 mm radius in 2013-
2014
– Maintain and improve robustness and performance of tracking and 

vertexing during the LHC Phase 1
§ New sensor and electronic technologies radiation tolerant up to 

5E15 neq/cm2 and 250 Mrad
§ Lightweight detector design: 1.88% X0

– Low mass module design, low density carbon foam support structures, 
CO2 evaporative cooling, aluminium conductor for power cables
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DRAFT

- Wire bonding of the FE-I4B chip to module flex hybrid and of the wire bond bridge to the test
connector (Section 3.3.2), using 25 µm-thick aluminium wire (additional wire bonds were applied650

to the low- and high-voltage pads for redundancy and safety).

Fully dressed planar (double-chip) and 3D (single-chip) modules are shown in Figure 13. Table 6
summarizes the material budget (units of radiation length for normal incidence) of the IBL modules; the
contributions of the di�erent components are averaged over the active module area.

A total of 688 fully dressed modules (410 planar, 162 3D CNM and 116 3D FBK) were delivered for655

module testing, tuning and characterisation.

(a) (b)

Figure 13: Photographs of (a) an IBL planar module and (b) an IBL 3D module after the removal of the module
handling frames.

% X0
FE-I4B chip 0.21
Planar sensor 0.24
3D sensor 0.27
Module flex incl. SMD components 0.13
Total for planar module 0.58
Total for 3D module 0.61

Table 6: Thickness contribution of the IBL module components in units of radiation length (% X0), for normal
incidence. The contributions of the di�erent components are averaged over the active module area.

3.4 Module performance and quality assurance

Prior to the loading of modules onto a stave, each module was tested to ensure its mechanical and electrical
functionality, its tolerance to environmental stress, and its electrical performance. A room-temperature
sequential electrical verification, including the tests labelled Q in Table 7, was initially performed after the660

module assembly. Modules accepted by this initial test were then subjected to an environmental stress test
of 10 thermal cycles between ≠40 �C and 40 �C. The modules were not powered during the thermal cycles.
A total of 73 modules (10.6 % of those delivered) were rejected at this stage because of major mechanical
or electrical failure, a large fraction being due to the on-chip power regulators of the FE-I4B chips. All

2nd November 2017 – 10:31 28

Figure 1. (a) The ATLAS IBL detector prior the insertion. (b) An IBL stave where the single detector
modules are mounted on carbon fibre support structures.

adjustable shaping time, followed by a discriminator with an independently adjustable threshold.
The FE-I4 keeps track of the firing time of each discriminator as the time-over-threshold (ToT)
with 4-bit resolution, in counts of an external supplied clock of 40 MHz nominal frequency. A
common sensor footprint for engineering and system purpose was chosen for the pixel module
considering that there are two di↵erent silicon sensor technologies: planar n+-on-n manufactured
by CiS (Germany) [5] and 3D with passing through columns manufactured by FBK (Italy) and
CNM (Spain) [6]. Twelve two-chip planar modules cover the central part of the stave while four
single-chip 3D modules cover the forward regions of both ends of the stave.
The IBL detector was designed to reach 300 fb�1, which will expose the detector to a fluence of
2.5⇥ 1015 1 MeV neq cm�2 and a total ionising dose (TID) of 100 Mrad. Considering the high radi-
ation levels expected for the IBL detector, all of its components have been qualified up to a fluence
of 5⇥ 1015 1 MeV neq cm�2 with a TID of 250 Mrad.
The modules (around 710 unit) have been produced, mechanically and electrically qualified in
2013. The first batch of both module types had large numbers of bump bonding failures, which
was traced back to the excessive flux in the flip-chipping process. The final yields of produced
modules were 75% for the planar two-chip modules, 63% for the 3D single-chip CNM modules
and 62% for the 3D single-chip FBK modules; these yields exclude the first production batch [7].
Two production staves were damaged during stave QA; some electrical dysfunctions were found
when the staves were cooled to -20 �C, caused by ice building up on the coldest part of the staves.
It was observed that most of the wire bonds were corroded and for some wire bonds were ruptured
due to corrosion (Figure 2). Similar, less severe, damage was found on other production staves. Of
the 12 staves already produced, 11 were a↵ected by the corrosion; the decision was to cure (clean)
and rework (rewire-bond) them. The corrosion of the staves was caused by water accumulating
on the wire bond pad of the flexes; during the thermal cycle procedure each stave was embedded
in a plexiglass handling frame, to protect from any accidental damage; the temperature inside this
frame was di↵erent to the temperature in the climate chamber. This temperature di↵erence was due
to the large climate chamber volume (1.63 m2), and the rapid temperature increase (from -40C to

– 2 –

IBL planar sensor module

50 x 250 µm2 pixel pitch
200 µm thin sensor 
150 µm thin ASIC



Planar sensors for high luminosity

§ Sensor designed optimized to guarantee high E-field, short drift 
distance and fast charge collection after fluence up to 1E16 neq/cm2

– Minimize trapping due to radiation-induced defects in silicon bulk
§ Thin sensors (100-150 µm) with optimized edge region and guard 

rings structure withstanding Vbias up to 1 kV
– Improved breakdown behavior after irradiations

§ Hit efficiency above 90% at 1E16 neq/cm2
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2.3 Pixel sensors 25

mobility of the electrons using n+-pixel implants. Two configurations, illustrated in Figure 2.9,
are thus possible: the so-called n-in-n technology, where n+-doped pixels are implanted in an
n-type silicon substrate, which is the sensor technology presently used for planar pixel sensors
in ATLAS; or the n-in-p technology where n+-doped pixels are implanted in a p-type silicon
substrate.

(a) n-in-n

p-substrate
n+ pixel (0V)

HV

Guard Rings

0V HV

p+

(b) n-in-p

Figure 2.9: Comparison of the n-in-n (a) and n-in-p (b) planar sensor technologies. Image
adapted from Ref. [79].

The n-in-n concept

In this configuration the pn-junction is located on the backside. Thus, additional processing
steps to pattern the backside are necessary to implement protecting structures around the p+

implantation (see Section 2.3.2). Before irradiation the depletion starts from the backside and
until the depleted region reaches the pixel implants, these are shorted together by the conductive
bulk. In these conditions, the detector cannot be operated partially depleted. Moreover at full
depletion the electric field is lower closer to the segmented side where, instead, the weighting
field is higher and the movement of the electrons induces most of the signal. However, since the
bulk is n-type, after high radiation fluence this is subject to type inversion and therefore the
junction moves to the pixel side and the sensor can be operated even strongly under-depleted.

The n-in-p concept

In n-in-p pixel sensors the pn-junction is located on the pixel implant side and therefore only one
single-sided structured processing of the wafer is necessary. This makes this kind of technology
potentially cost e↵ective and therefore particularly interesting when large areas, of the order of
1m2 or more, need to be covered. Additional advantages of this design are also the starting
p-type bulk which is not subject to type inversion and the depletion that always starts from the
pixel implant side.

2.3.2 Additional structures

The final pixel sensor is completed by a series of di↵erent structures which are described in the
following.

6.3 Thin sensors 85
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(c) Hit e�ciency vs bias voltage

Figure 6.18: Hit e�ciency of the 200 µm thick CiS2 modules irradiated at LANSCE. The
distribution of the hit e�ciency over the sensor surface at a voltage of 800V
is shown for the modules irradiated to a fluence of 7⇥ 1015 n

eq

/cm2 in (a) and
14⇥ 1015 n

eq

/cm2 in (b). For each module the RoI considered for the analysis is
highlighted. The hit e�ciency as a function of V

b

calculated for the RoI is shown
in (c). The modules were operated at a threshold of 1.6 ke. The measurements
performed at DESY are taken from Ref. [79].

100 µm thin n-in-p

1.4E16 neq/cm2

7E15 neq/cm2



J. Lange et al., 2011 JINST 11 C11024Figure 12: 3D-Si sensors: hit e�ciency as a function of bias voltage for di�erent fluences and
design variants [68].

performance of 3D-Si pixel modules in terms of operation characteristics (signal,
noise, threshold settings, in-time e�ciency) are on par with planar pixel modules
operated with significantly higher voltages [69].

Current developments motivated by HL-LHC demands [68, 63, 70, 67] target
the following goals to optimize radiation hardness, granularity, material budget,
and processing costs [67]: (a) thin sensors (≥100µm) on 6ÕÕ wafers, (b) narrower
electrodes (≥5µm), (c) shorter electrode spacing (≥30µm), and (d) very slim
(≥50µm) or active edges. Single sided processing is preferred providing cost
benefits. An advanced design [67] is shown in fig. 11(c). A thin, highly resistive
(p-type) sensor wafer is supported by a low ohmic (p++) handle wafer that can
be backside thinned after processing. While the p+ columns are deep etched
through to the handle wafer where they receive their electric potential, the n+

columns stop about 15µm short from the handle wafer. In addition to cost and
yield advantaged of single-sided processing, studies have shown that the trade-
o� between signal e�ciency and breakdown performance favors partial depth
n-columns (not extending all the way through the thickness) [71]. At the top
surface isolation of the n-columns is achieved by a p-spray layer preventing the
electron accumulation layer underneath the oxide from creating shorts. Sensors
are designed to meet the currently planned pixel area sizes of 50 ◊ 50µm2 or
25◊100µm2, as shown on the right of fig. 11(c). The performance of such designs
has been shown to yield high breakdown voltages before and after irradiation
[72].

The hit e�ciency obtained with 3D-Si structures designed by CNM [68] is
demonstrated in fig. 12 for fluences of up to 0.9◊1016neq/cm2 [68]. A >97%
e�ciency plateau is reached with comparatively low bias voltages of 150 V even
at the highest fluences, with the missing 3% being largely due to tracks with
straight incidence into the column structures, a case not possible for tracks
from actual LHC collisions. Smaller implant pitches with lower voltages for
the same field strength also reduce power dissipation due to leakage currents
after irradiation. This creates some safety margin against thermal runaway, not
completely negligible even at the moderate bias voltages of 3D-Si sensors [73].

3D-Si sensors therefore are a strong contender for hybrid pixel modules for
the innermost pixel detector layers at the HL-LHC. It should be noted, however,
that the fabrication process does is currently low volume. making it unlikely to

22

3D sensors for high luminosity

§ First application in the IBL detector
§ Geometrical radiation tolerance
§ Particle path different from drift path
§ High field with low voltage

– Short charge collection distance (30-50 µm)
– Fast response 

§ Hit efficiency of ~99% at ~1E16 neq/cm2

with Vbias <200 V
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3.3 A module concept for Phase II 35

(a) CNM (b) FBK

Figure 3.6: The two 3D sensor technologies employed in IBL [100]. (a) shows the CNM design
with partially passing column implants and (b) shows the FBK design with fully
passing column implants, both sensors are 230 µm thick.

pixel modules is necessary. In addition to occupancy and radiation hardness, the layout of the
future pixel detector imposes strict requirements for the module design. The innermost layer
will be as close to the beam pipe as the present IBL layer, therefore, the modules cannot overlap
in the z direction due to space constraints, and slim edge sensors are an essential requisite
to reduce as much as possible the inactive areas. Moreover the full tracker will be made of
silicon and a larger area will have to be covered by the outer pixel layers, which demands
for a cost-e↵ective module production. Another important specification is a reduced material
budget of the full pixel detector structure, including the pixel modules. This is necessary to
limit the amount of material in front of the calorimeters, which would degrade their energy
resolution, and for improving the tracking performance reducing multiple scattering. In this
thesis a novel module concept developed at MPP [98,99] to fulfil the requirement for the pixel
tracker of Phase II is investigated. Di↵erently than the present n-in-n planar pixel sensors,
the MPP prototype is based on n-in-p pixels with a thinner bulk between 75 and 150 µm and
the implementation of active edges, which together with further innovations on the chip side (
Through Silicon Via (TSV) and Solid Liquid Inter-Di↵usion (SLID) interconnection), aims at
obtaining a four-side buttable module. A comparison with the modules of the present pixel
detector is shown in Figure 3.7. The di↵erent technologies developed for this concept are
described in the following.

3.3.1 The n-in-p planar technology

The use of n-in-p pixel sensors is already foreseen in the LOI for Phase II [75]. This sensor
technology represents a potentially cost e↵ective alternative to the present n-in-n planar sensors,
since, as discussed in Section 2.3, it requires less processing steps in the production. However,
to maintain the cost advantages of the n-in-p technology, given by the single-side processing, the
guard rings have to be located on the same side as the pixel implants. The cutting edge of the
sensor is therefore not at ground potential, di↵erently than in the n-in-n case. With the increase
of the bias voltage, necessary to fully deplete the sensors after irradiation, this configuration

9E15 neq/cm2

CERN-LHCC-2010-013, ATLAS TDR 19



Evolution of readout architecture

§ Early generation of pixel readout chips (ATLAS FE-I3) was based on 
column drain architecture

§ This architecture become inefficient at the IBL radius above nominal 
LHC luminosity à congestion in double column (DC) readout bus

§ Store hits locally and move only if triggered à regional readout 
architecture (ATLAS FE-I4)
– Reflects the cluster nature of physics hits
– Groups of 2x2 pixels share digital logic, i.e. memory and time 

information à cluster charge stored with less information
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Readout for HL-LHC innermost layers

§ Analog “islands” in a digital synthesized  
“sea”

§ Collection of large digital cores containing 
many regions
– Complex functionality in the pixel matrix
– Resources shared among many pixels

§ 2 dimensional digital connectivity
§ Smart clustering in the pixel matrix to send 

most information with least bandwidth 
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35 pile up

200 pile up

Figure 31: Layout detail from RD53 Collaboration illustrating the concept of islands of
analog circuitry (blue) embedded in a �digital sea� of synthesized logic (green).

ready in the 2nd generation an important change took place, in which a ROIC
core went from being a collection of pixel circuits, stepped and repeated, to
a collection of regions, stepped and repeated. A 3rd generation ROIC will be
a collection of digital cores, stepped and repeated. A core is not the same as
a region and can in fact contain many regions. A core is simply the small-
est stepped and repeated instance of digital circuitry. A relatively large core
allows one to take full advantage of digital synthesis tools to implement com-
plex functionality in the pixel matrix, sharing resources among many pixels as
needed. Large cores can have 2 dimensional digital connectivity, removing the
constraint on all previous ROICs that communication could only take place up
and down pixel columns, but not along rows. Figure 31 shows a layout detail
from the RD53 Collaboration in which identical 4-pixel analog front end islands
can be seen completely surrounded by synthesized logic. The core logic has
been dubbed �digital sea� to stress that it results in a di�erent and variable en-
vironment surrounding each analog island (depending on where synthesis tools
place gates and connections). This is a radical departure from the single pixel
step and repeat, perfectly symmetric environment of the 1st generation, raising
potential concerns about systematic variations within the pixel matrix. The
FE65-P2 prototype [121], which implemented 4 by 64 pixel cores, has shown
that with modern isolation techniques (see section 4.6) excellent uniformity can
be achieved within a large synthesized core.

4.8. Input hit rates and output data transmission (electrical)
Hit rates and output bandwidth increase by an order of magnitude or more

between between 2nd and 3rd generation ROICs. For both past and planned de-
tectors, output data are transmitted electrically for at least the first meter away
from the ROIC (optical links are covered in section 4.9). The LHC-b experi-
ment is implementing a full triggerless readout system in the upgraded VELO
detector using the Velopix IC [12]. They are able to do this because the hit rate,
while very high, is not extreme, and the experiment has a fixed target geome-
try, allowing data cables to be placed outside of the physics acceptance. The
ATLAS and CMS experiments, on the other hand, must contend with an order
of magnitude higher hit rate per ROIC and have nearly 4fi physics acceptance,

51

N. Wermes, https://indico.cern.ch/event/556692/



FE-I3

FE-I4
FE-I3, FE-I4, FE65

§ Availability of smaller CMOS technology nodes 
– Higher logic density (more memory/unit area)
– Smaller pixels
– Higher throughput
– Radiation hardness (technology & layout) 
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FE-I3
LHC Run 1

FE-I4
LHC run 2 & 3

FE65
HL-LHC Run 4-5

Tech node 250nm 130nm 65nm
Chip size [mm2] 7.4 x 11 18.8 x 20.2 > 20 x 20
# transistors 3.5M 87M 1G
Hit rate [Hz/cm2] 100M 400M 2G
Output bandwidth 40 – 60 Mb/s 0.3 – 1.2 Mb/s 2 – 20 Gb/s
Pixel size [µm2] 400 x 50 250 x 50 50 x 50
# readout channels 18 x 160 336 x 80 TBD
TID [rad] 100M 200M 1G



State-of-the art pixel detectors:
Monolithic Active Pixel Sensors (MAPS)
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Monolithic Active Pixel Sensors

§ Sensor and electronics are implemented in the same silicon 
substrate
– Modified CMOS process

§ Charge collection primarily by diffusion in the epitaxial layer 
– Small signal, moderate radiation hardness, slow

§ Simple readout architecture
– Simple in-pixel circuitry and limited hit storage
– Time resolution = O(µs)

§ High spatial resolution O(1-5 µm)
§ Low material budget, < 0.5% X0

– Low power 
§ Lower cost

– Commercial process
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MAPS in HI experiments

§ The first use of MAPS detectors in physics 
experiments was at STAR Heavy Flavour 
Tacker (HFT) at RHIC
– Detector area = 0.15 m2

– ULTIMATE-2 sensor
– Data taking since 2014

§ MAPS have been chosen for the ALICE 
Inner Tracking System (ITS) upgrade at 
LHC
– Detector area = 12 m2

– ALPIDE sensor
– Data taking to start in 2020 
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STAR Heavy Flavour Tracker (HFT) at RHIC 

 

 

TIPP 2014 - P. Riedler, 3.6.2014 19 

 
•  Detector installed end 2013, started data taking in Au-Au run 2014 
•  Spare detector will be ready in about one month – will be used in the next run (1 day 

installation time) 
•  First operation experience shows resolution performance as expected  

L. Greiner, FEE 2014 



ALPIDE sensor for ALICE ITS

§ TowerJazz 180nm CMOS imaging process
§ Partial depletion at Vbias = 6V, but charge collection still mostly by 

diffusion
§ Efficiency > 99.5% and fake hit rate < 10-5 over wide threshold 

range up to 1e13 (1MeV neq)/cm2

L.	Gonella	|	Particle	Detectors	and	Instrumentation	UK	|	25	September	2017 22

13"

Tower"Jazz"0.18"µm"CMOS"
•  feature"size"" "180"nm"
•  metal"layers "6""
""Suited"for"high9density,"low9power"

•  Gate"oxide" "3nm"
""Circuit"rad9tolerant"

"

"

ITS"Pixel"Chip"–"technology"choice"

CMOS"Pixel"Sensor"using"TowerJazz"0.18µm"CMOS"Imaging"Process""""

▶  High9resis2vity"(>"1kΩ"cm)"p9type"epitaxial"layer"(20µm"9"40µm"thick)"on"p9type"substrate"

▶  Small"n9well"diode"(293"µm"diameter),"~100"2mes"smaller"than"pixel"=>"low"capacitance"

▶  Applica2on"of"(moderate)"reverse"bias"voltage"to"substrate"can"be"used"to"increase"
deple2on"zone"around"NWELL"collec2on"diode""""

▶  Quadruple"well"process:"deep"PWELL"shields"NWELL"of"PMOS"transistors,"allowing"for"full"
CMOS"circuitry"within"ac2ve"area""

""

"

� �

�
�

�

�

�

�

����� ����� �����

����	�����

�����
�
���

���
����
���

���
����
���

���������	�����	��

��������		���

28 x 28 µm2 pixel pitch
25 µm epi-layer, 1 kOhm cm
<2 µs time resolution  (pA)THRThreshold Current I

200 400 600 800 1000 1200 1400 1600 1800

D
et

ec
tio

n 
Ef

fic
ie

nc
y

0.95

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

sensitivity limit
0.015% pixels masked

Fake-Hit Rate Efficiency
               Non-irradiated
       2/cmeq 1MeV n1310×        1.7 Fa

ke
-H

it 
R

at
e/

Pi
xe

l/E
ve

nt

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

 (pA)THRThreshold Current I
200 400 600 800 1000 1200 1400 1600 1800

m
)

µ
R

es
ol

ut
io

n 
(

0

1

2

3

4

5

6

7

Cluster Size Resolution
               Non-irradiated
       2/cmeq 1MeV n1310×        1.7

C
lu

st
er

 S
iz

e 
(P

ix
el

)

0

1

2

3

4

5

6

7

8

9

10

 (pA)THRThreshold Current I
200 400 600 800 1000 1200 1400 1600 1800

D
et

ec
tio

n 
Ef

fic
ie

nc
y

0.95

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

sensitivity limit
0.015% pixels masked

Fake-Hit Rate Efficiency
               Non-irradiated
       2/cmeq 1MeV n1310×        1.0 Fa

ke
-H

it 
R

at
e/

Pi
xe

l/E
ve

nt

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

Efficiency > 99%

Fake hit rate < 10-5

∼150 e-
G. Aglieri Rinella, NIMA 845 (2017) 583–587 



New developments:
Depleted MAPS
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MAPS evolution

24

No depletion
NMOS only

No depletion
full CMOS

Depletion 
full CMOS

Deep implants
/nested well

High Resistivity (HR) substrates
High Voltage (HV) transistors

+ backside processing 

Depleted MAPS
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Hybrid Pixel Detectors 

Monolithic Pixels 
  

Depleted Monolithic Pixels 

IHEP Strasburg RAL KIT, Bonn

CMOS Process Transition : STAR-PXL !→ ALICE-ITS

16



CMOS imaging technologies

§ The camera phone market pushed the development of CMOS 
imaging technologies since the 90s

§ Wrt. CCDs, CMOS imaging sensors have low power, and more 
integrated logic functionalities
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Technology overview

Commercial CMOS technologies featuring high voltage capabilities 
and/or high resistive substrate
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DMAPS layout options

§ Small collection electrode
– Electronics outside the 

collection electrode
– Full depletion with 

additional n implant 
– Small sensor C à low 

power, low noise
– Full CMOS with additional 

deep p-well (triple well 
process)
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p-substrate

Deep n-well

P+ p-well

Charge signal

Electronics (full CMOS)

P+nw

p-substrate

n+ p-well

Charge signal
Electronics (full CMOS)

n+nw

deep p-well

§ Large collection electrode 
– Electronics inside the 

collection electrode
– Large sensor C à higher 

power, higher noise
– Full CMOS w/ isolation 

between NW and DNW 
(quadrupole well process)

n-



Large collection electrode with LFoundry

§ LFoundry 150 nm CMOS process
§ Depletion at 1E15 neq/cm2 ~50-60 µm

depletion
§ Hit-efficiency measured in test beam 

is above 99.9% after 1E15 neq/cm2

L.	Gonella	|	Particle	Detectors	and	Instrumentation	UK	|	25	September	2017 28

p-substrate

Deep n-well

P+ p-well P+nw

50um

30um

50 x 250 µm2 pixel pitch
100 µm HR substrate, 2-4 kOhm cm

D.-L. Pohl, 2017 JINST 12 P06020

2017 JINST 12 P02021

4 Estimation of N
e�

FWHM of the profile was taken as the measure of the depth of charge collection region. The FWHM
is shown as the function of bias voltage for di�erent irradiation fluences for un-thinned and 300 µm
thick devices in figure 6a and for 100 µm devices in figure 6b.

(a) (b)

Figure 6. FWHM of the charge collection profile as a function of bias voltage after di�erent irradiation
fluences: a) for un-thinned detector without back plane (full symbols) and 300 µm sample with back plane
(empty symbols) and figure b) for two 100 µm thick samples at each fluence. Function (4.2) is fit up to full
depletion voltage (Vfd). For the measurement at � = 1013 n/cm2 the thin lines show how Vfd was estimated
from their cross section.

Before full depletion the scaling of depleted depth w with bias voltage can be described with
equation (4.1):

w(Vbias) =

s
2""0
e0Ne�

Vbias (4.1)

where Ne� is the e�ective doping concentration, Vbias the bias voltage, e0 the elementary charge, "0
the dielectric constant and " relative permittivity of silicon. This relation is valid in planar geometry
in approximation of abrupt junction. However, the dependence of depth of charge collection region
on bias voltage measured with E-TCT shown in figure 6 could not be fit well with equation (4.1).
Depleted depth given by equation (4.1) vanishes at zero bias voltage while in measurements there
is an o�set and the measured points could be better fit if equation (4.1) was modified by adding
a constant:

w = w0 + w(Vbias) (4.2)

where w0 is the width of the charge collection profile at Vbias = 0 V and w(Vbias) is given by
equation (4.1). Parameter w0 can be justified because an o�set at low voltage is expected due to
a finite laser beam width [16, 19] and because of the charge collected by di�usion to the built-in
depleted layer. Reflections of laser beam from the surface can also a�ect measurement at shallow
depths. Also, the abrupt junction approximation may not be adequate at low bias voltages and linear
or more complex doping profiles would be needed to correctly describe the behaviour. The model
in equation (4.2) with w0 and Ne�being free parameters fits the data well with some deviations at
lower bias for higher fluences as can be seen in figure 6a. The values of w0 returned by the fit don’t

– 8 –
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Small collection electrode with TJ

§ Modified TowerJazz 180nm CMOS imaging process

§ Recent development by CERN/TJ* to improve the radiation 
hardness of the TJ 180nm CMOS process

§ Deep planar junction in epi layer to allow lateral depletion below 
the electronics
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Tower"Jazz"0.18"µm"CMOS"
•  feature"size"" "180"nm"
•  metal"layers "6""
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Standard process

Small collection electrodes 

	6	H.	Pernegger	CERN	EP	-	TREDI	-	Trento	Feb	2017	

•  Small collection electrodes 
–  Higher gain and faster response 

due to smaller capacitance (~5fF) 
and higher Q/C 

–  Potentially lower power 
consumption 

–  Signal collection under DPW after 
irradiation more difficult on edges 

•  Modified Process 
•  Add planar n-type layer 
•  Significantly improves depletion 

under p-well with deep junction 
•  Does not require significant 

circuit or layout changes 

Modified process



TJ modified process

§ Signal size unchanged after neutron irradiation to 1E15 neq/cm2

– No signal after 1E14 neq/cm2 in standard process

§ Spread in charge collection time at 1E15 neq/cm2 lower than for 
standard process before irradiation, 2.78ns vs 4.6ns
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Figure 11. Signal response of 50⇥50µm2 pixel pitch produced in the modified process before irradiation
(black curves), after 1014

neq/cm2 (blue curve) and after 1015
neq/cm2 (red curve). Figure (a) shows the

amplitude distribution for 90Sr source tests and plot (b) the signal collection time.
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Figure 12.

55Fe signal response of 50⇥50µm2 pixel pitch produced in the modified process before irradiation
(black curves), after 1014

neq/cm2 (blue curve) and after 1015
neq/cm2 (red curve).

Using the 55Fe source calibration we convert the sensor amplitude to deposited charge and
generate the charge distributions for irradiated samples. Figures 13a and 13b show for 90Sr source
measurements the charge distribution and charge distributions as a function of collection time of the
unirradiated sensor. Figure 13c and figure 13d show the corresponding distributions for the sensor
irradiated to a dose of 1015

neq/cm2. After calibration the charge distributions for unirradiated
and irradiated sensors yield comparable most probable charge values of 1732 e� and 1740 e�,
respectively. The spread of the collection times increase slightly for the irradiated sensors. The
recorded charge distribution’s most probable value agrees well with a fully depleted sensor. Further
measurements are currently in progress to investigate the sensor performance up to 1016

neq/cm2.

6 Beam Test results

To measure the detection e�ciency we installed the CMOS sensors together with a silicon pixel
reference telescope in the CERN SPS test beam. The beam delivers 180 GeV/c pions, which are
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Depletion reaches lateral regions and charge is collected by drift

50 x 50 µm2 pixel pitch
25 µm epi-layer



Advantages of depleted MAPS

§ Commercial technologies 
– Low cost
– High throughput
– Multiple vendors

§ Simplified module concept
– Ease of construction

§ Thin sensing layer (20-100 µm) 
– Possible constant charge collection volume with dose
– Reduce cluster size at large eta

§ Charge collection by drift and full CMOS electronics (but not yet 
outperforming hybrid pixels!)

à Candidate for outer pixel layers at the HL-LHC (~10m2)
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New developments:
Digital electromagnetic calorimetry with DMAPS at future 
colliders
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Digital Calorimetry with MAPS

§ Dates back to ~2005 work within CALICE for linear colliders
– See work with TPAC, FORTIS, and CHERWELL sensors

§ Make a pixelated calorimeter to count the number of particles in 
each sampling layer to reduce uncertainties due to Landau 
fluctuations of energy deposits

§ Small pixels to avoid undercounting and non-linear response in 
high particle density environments

§ Proposed ILD ECAL has a silicon area of ~2400m2. Digital variant 
would require 1012 pixels. Requires low cost, ease of 
construction, low power

33

Analogue: 5mm pitch Digital: 50um pitch
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DECAL for FCC-hh

§ DECAL for hadron colliders will have additional complexities such as 
pile-up, much higher energy jets, higher radiation environment à
DMAPS

§ Reconfigurable, radiation hard DMAPS for outer tracking and 
calorimetry
– Birmingham, RAL (PPD & TD), Sussex
– Targeting 1E15 neq/cm2 (ECAL barrel region at FCC-hh)
– Complementary technology as a pre-shower / outer tracker
– Seamless transition from outer tracker to ECAL possible with same 

technology

§ Chip design informed by detector simulations using the FCC 
simulation software
– https://indico.cern.ch/event/556692/contributions/2465167/attachments/

1469036/2272313/pricet_decal_fccweek2017.pdf
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DECAL chip development

§ Specs
– 50 x 50 µm2 pixels
– 4 collection electrodes/pixel
– 25 ns readout
– 64 x 64 pixel matrix, 5 mm2

§ Submission
– The DECAL chip was submitted in May in the standard TJ process, 

testing started a couple of weeks ago
– Test structures have been submitted in the modified TJ process in 

September
§ Radiation hardness

– Target radiation hardness to be demonstrated with passive test 
structures in the TJ modified process

– Radiation-hardness of DECAL chip in standard process possibly 
enhanced by multiple collection electrode configuration 
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Reconfigurability

§ Pixel mode
– Read out address for every pixel that fires
– Not available in this iteration

§ Column mode
– Read out hit column addresses, and up to 3 

hits/column
– Flag set if >3 hits/column
– Outer tracking and possibly pre-shower

§ Pad mode
– Sum the number of hit pixels in a 5x5mm2 pad and 

readout this value 
– Reduced number readout channels and data rate 

by not reading every hit pixel address in 25ns but 
combining information in each 5x5mm2 pad using 
fast logic

– Calorimetry

L.	Gonella	|	Particle	Detectors	and	Instrumentation	UK	|	25	September	2017 36



Conclusion

§ Pixel detectors are the technology of choice for tracking and 
vertexing

§ Different concepts have been developed to cover both high rate and 
high precision demands from different experiments

§ Development of monolithic pixel detectors with commercial CMOS 
technologies is bringing together the advantages of both hybrid and 
MAPS detectors and offers an attractive low cost solution for future 
large area tracking detectors and calorimeters

§ Many more developments ongoing…
– Diamon sensors, 4D detectors, low mass and efficient powering 

schemes, lightweight support structures, wire-bond free modules, ...
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